The slow afterhyperpolarization in hippocampal pyramidal neurons is mediated by a calcium-activated potassium current (I,Hp) and is a target for a variety of different neurotransmitters. The characteristics of the channels underlying I,.p and how they are modulated by neurotransmltters are, however, unknown. In this study, we have examined the properties of the channels underlying 
Introduction
In hippocampal pyramidal neurons, trains of action potentials are followed by a prolonged hyperpolarization that causes spike frequency adaptation and is a major determinant of cell excitability Nicoll, 1982, 1986a) . This slow afterhyperpolarizing potential (AH P) results from activation of a calcium-activated potassium current (IANp) triggered by calcium influx during action potentials (Schwartzkroin and Stafstrom, 1980; Hotson and Prince, 1980; Lancaster and Adams, 1986) . Whereas many types of calcium-activated potassium channels have been characterized in central neurons (Marty, 1989; Reinhart et al., 1989; Lancaster et al., 1991) , the identity of the channels underlying IAHp in hippocampal neurons remains unknown.
Calcium-activated potassium channels can be broadly divided into two classes: large conductance (200-400 pS), or BK type, and small conductance (9-14 pS), or SK type. These can be distinguished by both biophysical and pharmacological criteria; BK channels are voltage sensitive and readily blocked by low concentrations of tetraethylammonium (TEA) and charybdotoxin, whereas SK channels are voltage insensitive and blocked by apamin (Blatz and Magleby, 1987; Marty, 1989; Lang and Ritchie, 1990) . In a variety of neurons, BK channels have been shown to contribute to action potential repolarization (Lancaster and Nicoll, 1987; Lang and Ritchie, 1987; Gola et al., 1990; Sah and McLachlan, 1992) . In contrast, SK channels are thought to underlie the slower AHP following action potentials (Lang and Ritchie, 1987; Lancaster and Nicoll, 1987) . Although in some neurons the AHP is blocked by apamin, it is clear that in others it is apamin insensitive (Lancaster and Nicoll, 1987; Constanti and Sim, 1987; Schwindt et al., 1988; Morita and Katayama, 1989; Sah and McLachlan, 1991) . Furthermore, in some neurons, both apamin-sensitive and apamin-insensitive components coexist (Sah and McLachlan, 1991) . Several additional types of calciumactivated potassium channels have also been characterized from rat brain membrane vesicles (Reinhart et al., 1989) . However, all these channels are blocked by low millimolar concentrations of TEA. Since the hippocampal slow IANp is not voltage dependent and is not blocked by TEA, charybdotoxin, or apamin (Lancaster and Adams, 1986; Lancaster and Nicoll, 1987; Storm, 1989) , none of the known calcium-activated potassium channels can account for this current. The most likely candidate for the channel underlying this current has been described in excised patches from cultured hippocampal neurons (Lancaster et al., 1991) . However, no direct evidence was given linking this channel to the AHP (see Discussion).
A variety of neurotransmitters, including noradrenaline (Madison and Nicoll, 1982) , acetylcholine (Cole and Nicoll, 1983) , and glutamate (Charpak et al., 1990) , acting via protein kinases, modulate the excitability of pyramidal neurons by inhibiting the AHP . Though a good deal is known about the receptors, second messenger pathways, and kinases involved in this modulation, the ultimate mechanism of action is unknown. Since the macroscopic current (IANp) is equal to N x i x po, where N is the number of available channels, i, the single-channel current, and Po, the channel open probability, a reduction in I could be due to changes in i, N, or po.
In this paper, we have used whole-cell recording and noise analysis of the macroscopic current to characterize the channels mediating the slow AHP in hippocampal pyramidal neurons. This approach does not require any prior knowledge of the properties of the underlying channels and has the advantage of studying the channels in their native environment using physiological stimuli to activate them. In addition, we have examined the mode of action of two different transmitters that utilize different kinase systems to inhibit IAHP.
Results
:l:Present address: Department of Physiology and Biophysics, University of Washington, Seattle, Washington 98195.
At a holding potential of -50 mY, short (40-200 ms) depolarizing voltage steps to 0 mV, which activate voltage-dependent calcium currents, were followed by an outward cur- rent lasting several seconds (Figure 1 ). This current had a slow rising phase with a time to peak of several hundred milliseconds and decayed with a time constant of about 1 s. The measured reversal potential of this current was close to the potassium equilibrium potential (-100 mV; n --2), and the current was abolished by blocking calcium entry using the inorganic calcium channel antagonists cadmium (200 I~M, n --2; Figure 1A1 ) or nickel (200 I~M; n = 2). Buffering intracellular calcium with high intracellular concentrations (5-10 mM) of the calcium chelators EGTA (n = 3) or BAPTA (n = 4; data not shown) also abolished the current. These data show that the outward current requires calcium influx and the subsequent rise in intracellular calcium. Application of noradrenaline (10-20 p,M; n --2; Figure 1A2 ), carbachol (2-10 IIM; n = 5; Figure 1A3 ), and serotonin (10 I~M; n = 5; data not shown) also reversibly blocked the tail current. These properties are identical to those previously reported for both the afterhyperpolarization and the underlying current (lAMP) in hippocampal neurons (Schwartzkroin and Stafstrom, 1980; Lancaster and Adams, 1986; Lancaster and Nicoll, 1987; Nicoll et al., 1989) . To identify the channels mediating the I^.p, we have taken advantage of the good signal to noise ratio obtained using whole-cell recordings to examine current fluctuations during IAHP. Subtraction of a smoothed average from an individual record revealed an increase in variance during the outward current that closely followed the time course of the I^Hp ( Figure 1B) . Baseline current variance ranged between 2.5 and 29 pA 2 (mean, 12.0 _+ 2.0 pA2; n = 16) and increased on average by 3-fold at the peak of I^HP (Figure 1 B3 ). This increase in variance, which represents the stochastic gating of the underlying channels (Hille, 1992) , was abolished when the outward current was completely blocked (data not shown). To estimate the unitary properties of these channels, we studied IAHP noise using stationary (Anderson and Stevens, 1973) and nonstationary (Sigworth, 1980) fluctuation analysis.
Assuming that the macroscopic current is generated by the superimposition of identical, independent channel openings, the relationship between mean current and variance is described by the parabolic equation, o 2 = I x i -I x I/N, where o 2 is the variance, i, the single-channel current amplitude, I, the mean current, and N, the number of available channels (Sigworth, 1980) . At the midpoint of the parabolic curve, the current variance is maximal, and the probability of channel opening is 0.5. Current variance is plotted against the mean membrane current for one cell in Figure 2A . This plot was linear for small current amplitudes but clearly deviated from linearity near the peak of the outward current. Even when IAHp amplitude was saturated with long depolarizing voltage steps, current variance rarely declined (Figure 2A ), indicating that the probability of channel opening rarely exceeded 0.5. In 13 cells, the maximum probability of channel opening (estimated by peak current/i x N) ranged from 0.2 to 0.56, with a mean of 0.4 _+ 0.1. At a holding potential of -50 mV, the single-channel current amplitude, estimated from the initial slope of the variance/mean current relationship, was 0.12 + 0.01 pA (n --16), corresponding to a singlechannel conductance of 2.3 + 0.1 pS. Since peak Imp amplitudes ranged from 210 to 550 pA, the number of channels open at the peak of IAHP ranged between 1750 to 4580. Changing the holding potential to -70 mV reduced the single-channel current to 0.06 + 0.01 pA (n = 5). This change in current amplitude (0.06 pA) is close to that predicted assuming a linear current-voltage relation of the single channels (0.08 pA). The maximum number of available channels, N, estimated from the best fit to the parabolic equation, varied from 4,000 to 10,000. However, to estimate N reliably, the probability of channel opening has to be relatively high (Robinson et al., 1991) ; therefore, these values for N can only be considered a rough approximation.
The temporal characteristics of IAHP channels were studied by spectral density analysis of the current fluctuations (Anderson and Stevens, 1973; Stevens, 1977; Sigworth, 1981 ; Robinson et al., 1991) . The power density spectrum from one cell is shown in Figure 3A . The data are well fitted with a single Lorentzian function with a corner frequency of 61 Hz. The average half-power frequency was 96 ± 11 Hz (n --14), corresponding to a mean channel open time of 1.7 ms. The kinetics of many ion channels are highly sensitive to changes in temperature (HUle, 1992) . As reported previously (Lancaster and Adams, 1986; Sah and McLachlan, 1991) , lowering the temperature from 30°C to 20°C greatly slowed the kinetics of IA,p ( Figure 3C , insets). At this lower temperature, power spectra had a halfpower frequency of 34 ± 6 Hz (n --5), corresponding to a channel open time of 4.6 ms ( Figure 3B ). The superimposed power spectra at 20°C and 30°C (Figu re 3C) clearly show this shift in the corner frequency. The calculated Qlo for the mean channel open time was 2.8. At 20°C, when the mean current is stationary for > 1 s at the peak (see Figure 3B ), the extrapolated zero frequency power of the stationary power spectra was 0.25 _+ 0.03 pA2/Hz (n --5). This value, in conjunction with the values for the mean current amplitude, can be used to estimate independently the single-channel conductance using the equation g = S(0) x ~/(2 x Ix [Vm-EK]),wheregisthesingle-channel conductance, a --2 x ~ x fc, and Vm is the holding potential (Anderson and Stevens, 1973) . The singlechannel conductance determined using this method was 4.5 + 0.4 pS (n = 5), in close agreement with the singlechannel conductance estimated in these same cells using nonstationary analysis, 3.5 _+ 1 pS. A variety of neurotransmitters inhibit I^.p through the activation of protein kinases (Nicoll, 1988; Pedarzani and Storm, 1993) . Monoamine neurotransmitters, such as noradrenaline, reduce the AHP by generating cyclic AMP (Madison and Nicoll, 1982) and the subsequent activation of protein kinase A (Pedarzani and Storm, 1993; Blitzer et al., 1994) . In contrast, acetylcholine and glutamate have been suggested to act via different protein kinases (Pedarzani and Storm, 1993; Blitzer et al., 1994) . In the case of acetylcholine, this kinase has been suggested to be calcium/calmodulin-dependent protein kinase II (Muller et ai., 1992) . The precise molecular mechanism of action of these transmitters, however, is unknown. To address this question, we examined the mechanism of action of noradrenaline and the muscarinic agonist carbachol on I^Hp noise. These agents were applied at low concentrations to reduce I^Hp amplitude by approximately 50%. The main effect of both these agonists was to reduce the peak IAHP amplitude while the initial slope of the variance to mean current relationship was unaffected ( Figure 4A ). The variance-mean current plots, which deviated from linearity under control conditions, were always linear in the presence of the agonist. The single-channel conductance was not changed by either noradrenaline (control, 2.2 _+ 0.5 pS; noradrenaline, 2.0 ± 0.7 pS; n = 10; Figure 4A1 ) or carbachol (control, 2.4 ± 0.1 pS; carbachol, 2.6 ± 0.1 pS; n = 4; Figure 4A2 ). Examination of the power spectra indicated that neither noradrenaline (control, 2.6 ± 0.4 ms; noradrenaline, 2.8 _+ 0.4 ms; n --9) or carbachol (control, 1.6 ms; carbachol, 1.5 ms; n = 2) affected the mean channel open time ( Figure 4B ). These actions of noradrenaiine and carbachol are most easily interpreted as a reduction in the probability of IA.p channel opening in response to rises in intracellular calcium.
Discussion
In this study, we have used stationary and nonstationary fluctuation analysis to elucidate the properties of the chan- nels underlying the slow calcium-dependent AHP in hippocampal pyramidal neurons. Our results indicate that these channels have a single-channel conductance of 2-5 pS, a mean open time of 2 ms, and an open probability of <0.5 at the peak of the AHP. Noradrenaline and the cholinergic agonist carbachol, which inhibit IAHp via protein kinase A and calcium/calmodulin-dependent protein kinase II, respectively (Muller et al., 1992; Pedarzani and Storm, 1993) , both inhibited IAHP by reducing the channel open probability.
Our results show that the channel underlying IAHp has a low single-channel conductance (2-5 pS). Many types of calcium-activated potassium channels have been characterized in central neurons (Reinhart et al., 1989; Marty, 1989) ; however, none fit the pharmacological profile of IAHP. In cultured hippocampal neurons, a small conductance (19 pS) calcium-activated potassium channel insensitive to TEA and apamin has been reported (Lancaster et al., 1991) , but its role in IAHP was not established. Furthermore, cultured hippocampal neurons do not appear to have a slow AHP, and this 19 pS channel has instead been suggested to mediate a medium duration afterhyperpolarization (Alger et al., 1994) distinct from IAHP. If the IAHP channels were located at an electrotonically distant site from the soma, we may have underestimated the true single-channel conductance. However, given its well-known role in spike frequency adaptation, the most likely location of IAHP is close to the spike initiation zone (Madison and Nicoll, 1986b) , which is thought to be near the soma (Eccles, 1957; Stuart and Sakmann, 1994) .
Spectral analysis revealed that the mean open time of the IAHP channels was about 2 ms at 30°C. Since very short-lived channel states would have gone undetected owing to the 1 kHz filter, this value may better reflect the channel mean burst duration. As expected, reducing the temperature caused a clear shift in the power spectra to lower frequencies with a Q10 of about 3. The rapid kinetics of the underlying channels are in marked contrast to the slow kinetics of the macroscopic current (decay time constant, 1 s; see Figure 1 ). Several hypotheses have been postulated to account for the slow time course of IAHP (Schwindt et al., 1992; Sah, 1993; Lancaster and Zucker, 1994) . One possibility is that the underlying channels have intrinsically slow kinetics. Alternatively, the time course could reflect a slow clearance of calcium or a possible second messenger. It has recently been shown that flash photolysis of caged BAPTA rapidly (milliseconds) terminates IAHP (Lancaster and Zucker, 1994) , suggesting that calcium directly gates the IAHp. Our results demonstrating the rapid kinetics of I^HP channels support the hypothesis that the time course of the macroscopic current reflects that of intracellular calcium rather than the kinetics of the underlying channels. Consistent with this, the time course of intracellular calcium is similar to that of IAHp (Charpak et al., 1990; Knopfel et al., 1990 ). As we have used 1 s segments for the spectral analysis, we cannot exclude the possibility that an additional slower component of the channel kinetics was missed. However, we feel that this is unlikely, since the estimate of the single-channel conductance obtained using the extrapolated zero frequency power was in close agreement with the estimate from the mean-variance relationship. Activation of IAHP is triggered by calcium influx, and its peak amplitude increases to a plateau as calcium influx is increased (Hotson and Prince, 1980) . We have studied IAHP in conditions under which its peak amplitude is maximal. Since we never observed the variance of the I^Hp to decrease after reaching its peak, it is clear that the probability of channel opening did not exceed 0.5. Thus, during physiological activation when calcium influx occurs during action potentials, we would expect it to open with even lower probability.
IAHP is known to be modulated by a number of diverse transmitter systems . Since neither calcium currents (Cole and Nicoll, 1984; Sah et al., 1985; Madison and Nicoll, 1986a) nor cytosolic calcium transients (Charpak et al., 1990; Knopfel et al., 1990 ) are affected by these transmitters, their final mechanism of action has been proposed to be at sites downstream of calcium entry, perhaps at the level of the channel itself (Nicoll, 1988) . In support of this hypothesis, several types of calcium-activated potassium channels are known to be directly modulated by phosphorylation (Levitan, 1994) .
Noradrenaline and carbachol reduce IAHp by activating different protein kinases (Muller et al., 1992; Pedarzani and Storm, 1993; Blitzer et al., 1994) . Both of these agonists caused the parabolic mean-variance plots to become linear. These results are most simply interpreted as a reduction in channel open probability (pc). Since we could reliably detect changes in channel amplitude (by changing the driving force) and mean open time (by changing temperature), we can exclude agonist-induced changes in the single-channel current amplitude or the mean open time. However, since we cannot reliably estimate N (see Results), we cannot rule out a concomitant modulation of the number of available channels (Bean et al., 1984) . In summary, we have shown that a novel channel with low single-channel conductance and fast kinetics underlies the slow AHP in hippocampal neurons. When calcium influx is maximized, the open probability of this channel rarely exceeds 0.5. Noradrenaline and carbachol, which reduce IAHP by activating different protein kinases, both reduce I^Hp principally by a reduction in channel open probability.
Experimental Procedures
Rat hippocampal slices (400 pm thick) were prepared from animals aged 14-28 days. Rats were anesthetized with pentobarbital (50 milligrams par kilogram of body weight), decapitated, and the brain rapidly immersed in ice cold Ringer's. Hippocampal slices were then prepared on a Vibratome (Camden) and allowed to recover for at least 1 hr. Slices were superfused with a Ringer's solution containing 119 mM NaCI, 2.5 mM KCI, 1.3 mM Mg=SO4, 4.5 mM CaCI2, 1.0 mM Na2PO4, 26.2 mM NaHCO3, and 11 mM glucose, which was equilibrated with 95% CO2, 5% 02. The Ringer's solution was supplemented with picrotoxin (0.1 mM), CNQX (5-10 p.M), and D-amino-5-phosphono-valaric acid (25 I~M) to block membrane noise due to ligand gated ion channels (Sah et al., 1989) . Patch electrodes were filled with an internal solution containing 135 mM KMeSO4, 8 mM NaCI, 10 mM HEPES, 2 mM Mgz-ATP, and 0.3 mM Na3-GTP (pH 7.3 with KOH; osmolarity, 290 mOsm). Whole-cell patch-clamp recordings were obtained from CA1 pyramidal neurons using the blind approach (Blanton et al., 1989) . Currents were recorded using an Axopatch-lD (Axon) amplifier, filtered at 1 kHz, sampled at 2 kHz using pClamp software (Axon), and analyzed using the Matlab (Mathworks) suite of routines. IAHpS were recorded at a holding potential of -50 mV (except Figure 2B ) and evoked by a brief (40-200 ms) depolarizing voltage step to 0 mV. In each cell, the duration of the depolarizing step was selected to maximize the amplitude of I~p. Series resistance (Rs) was carefully monitored and only stable recordings with Rs < 15 MQ were included in this study. Stock solutions of cadmium, noradrenaline, and carbachol were dissolved in distilled water and added to the superfusing Ringer's just prior to use. To measure current variance, an average of 10-20 IAHPS of stable amplitude was digitally filtered at 10 Hz and subtracted from individual traces. Each subtracted trace was then binned into 100-200 ms intervals, and the variance was calculated for each bin. For mean current-variance plots, the mean current and variance for each bin was averaged across traces. The results obtained were identical when bin size was varied between 100-200 ms. Power density spectra were calculated using 2048 points immediately following the peak of the IAHp. Each spectrum shows an average of 10-20 traces after subtraction of the average baseline spectrum. For traces recorded at 30°C, spectra were calculated after subtraction of the mean time course. No correction was made for the mean time course of the macroscopic current (Sigworth, 1981) , as we were only interested in the corner frequency in these spectra. We expect this correction factor to contribute little, as the probability of channel opening does not change much over the 1 s period around the peak. For traces recorded at 20°C, the current was stationary around the peak and no subtraction of the mean time course was necessary.
We considered several potential sources of error associated with noise analysis estimates of channel properties. These have recently been extensively discussed (Silberberg and Magleby, 1993) and include errors arising from the influence of the channel open probability (po) on the estimated mean channel open time, data filtering, and binning of data for nonstationary analysis. First, since at the peak of I^.p the forward rate constant for channel opening is not negligible, then assuming a two-state model for channel opening, we would underestimate the mean open time by a factor of (1 -Po)-' (Silberberg and Magleby, 1993) . The average po at the peak of l AMP was 0.4. Thus, the corrected mean open time would be 2.8 (1.7•0.6) ms. No correction has been made to the mean channel open times calculated before and after agonists were applied. However, as these corrections are small, they would not change our conclusions. Second, excessive filtering of data reduces current fluctuations and can lead to an underestimate of the unitary conductance. Given that the mean open time of the IAHe channels was approximately 3 ms, our filter cutoff frequency of 1 kHz would lead to an underestimate of less than 10% (Silberberg and Maglaby, 1993) . Third, when constructing the current-variance relationship, data were binned in 100-200 ms segments, which is greater than 35 times the mean open time. Thus, errors associated with bin length would be negligible.
Results are expressed as mean _+ SEM. All recordings were made at 30°C, except where indicated. All drugs were purchased from Sigma, except for CNQX (Tocris).
